Human enteroviruses evolve quickly. The 59 untranslated region (UTR) is fundamentally important for efficient viral replication and for virulence; the VP1 region correlates well with antigenic typing by neutralization, and can be used for virus identification and evolutionary studies. In order to investigate the molecular diversity in EV-B species, the 59 UTR and VP1 regions were analysed for 208 clinical isolates from a single public-health laboratory (serving New South Wales, Australia), representing 28 EV-B types. Sequences were compared with the 59 UTR and VP1 regions of 98 strains available in GenBank, representing the same 28 types. The genetic relationships were analysed using two types of software (MEGA and BioNumerics). The sequence analyses of the 59 UTR and VP1 regions of 306 EV-B strains demonstrated that: (i) comparing the two regions gives strong evidence of epidemiological linkage of strains in some serotypes; (ii) the intraserotypic genetic variation within each gene reveals that they evolve distinctly largely due to their different functions; and (iii) mutation and possible recombination in the two regions play significant roles in the molecular diversity of EV-B. Understanding the tempo and pattern of molecular diversity and evolution is of great importance in the pathogenesis of EV-B enteroviruses, information which will assist in disease prevention and control.
INTRODUCTION
Human enteroviruses (HEVs), members of the genus Enterovirus, family Picornaviridae, are common human pathogens. Although HEV infections are often asymptomatic, they can cause a wide range of diseases, including aseptic meningitis, hand, foot and mouth disease, myocarditis, acute haemorrhagic conjunctivitis and acute flaccid paralysis. Disease is most common in children, may be severe in immunocompromised patients (Pallansch & Roos, 2007) and may occur in large outbreaks (McMinn et al., 2001 ).
The enterovirus (EV) genome is a 7500 nt single-stranded RNA molecule, comprising a single ORF flanked 59 and 39 by untranslated regions (UTRs). The cloverleaf structure of domain (stem-loop) I in the 59 UTR is important for viral replication (Barton et al., 2001; Murray et al., 2004) ; while domains II to VI encompass the internal ribosome entry site (IRES), which directs translation of the mRNA by internal ribosome binding (Nicholson et al., 1991) . The coding region, divided into three subregions (P1, P2 and P3), consists of a single ORF encoding a polyprotein. The P1 region encodes four structural proteins (VP4, VP2, VP3 and VP1); the non-structural proteins are encoded in the P2 (2A, 2B and 2C) and P3 (3A, 3B, 3C and 3D polymerase) regions. The VP1 capsid protein is the most external and immunodominant of the picornavirus capsid proteins (Rossmann et al., 1985) and contains most neutralization epitopes.
More than 100 HEV types (http://www.picornaviridae. com) have been classified into four species (EV-A, -B, -C and -D) based on genome organization, sequence similarity and biological properties (Pallansch & Roos, 2007) . EV-B comprises coxsackievirus A9 (CV-A9), 6 coxsackievirus B (CV-B) serotypes, 28 echovirus (E) serotypes, enterovirus B69 and 25 new types. VP1 sequences correlate well with antigenic typing by neutralization, and can be used for virus identification and evolutionary studies (Oberste et al., 1999b (Oberste et al., , 2004b . Molecular typing methods depend largely
METHODS
Viruses. The laboratory database contained 6383 HEVs ('local isolates') collected between 1979 and 2007 from clinical samples. Isolates were obtained by inoculation of clinical specimens, including specimens in which HEV had been detected by real-time fluorescence PCR, into cultures of monkey kidney cells (primary, secondary or cell lines) and various continuous cell lines, including A549 (human lung carcinoma), MRC-5 (human embryonic lung fibroblast) and RD (human rhabdomyosarcoma) cells. Prior to 2002, the titre of each cell culture with enterovirus cytopathic effect was first determined, and then a neutralization assay was performed in tissue culture tubes by using intersecting pools of hyperimmune horse sera (National Institute of Allergy and Infectious Diseases, Bethesda, MD, USA) against a hundred 50 % tissue culture infective doses (TCID 50 ) of each isolate. If necessary, further identification was performed using a monovalent horse antiserum corresponding to the serotype identified by the intersecting pools. After 2002, group specific monoclonal pools and/or type specific mAbs (Chemicon) were used as a rapid identification alternative and neutralization was performed on isolates that were not identified. HEV isolates that were not identifiable by standard seroneutralization procedures were labelled as 'nonserotypable' isolates. Virus isolates were stored as unpurified cell culture supernatants at 270 uC (Zhou et al., 2010) .
Fifteen (E-3, -6, -7, -9, -11, -14, -17, -18, -30 ; CV-B1, -B2, -B3, -B4, -B5; and CV-A9) of the 20 most frequently identified serotypes were members of EV-B species (Zhou et al., 2009) . Of the less-commonly identified serotypes, 13 (E-1, -2, -4, -5, -13, -15, -16, -19, -20, -21, -24, -25 and -33) were members of EV-B species. Therefore, 28 different EV-B serotypes have been identified in the laboratory over a 29 year period. In addition, 3.6 % (227/6383) of HEVs were nonserotypable by neutralization (Zhou et al., 2010) . This study analysed 208 local isolates representing 28 EV-B types (Table S1 , available in the online supplementary material), including 78 nonserotypable isolates.
PCR primers and sequencing primers for 5 § UTR and VP1.
Published primers for PCR amplification (5UTR-S and 5UTR-A1) and sequencing (5UTR-S and 5UTR-A2) of partial 59 UTR were used (Zhou et al., 2011) . Published primers 490 to 493 for PCR amplification and sequencing of complete VP1 were obtained (Oberste et al., 2006) , with modification of primer 492 (Zhou et al., 2009) , as well as PCR amplification and sequencing primers 292 and 222 for analysis of partial VP1 sequences (Oberste et al., 2006) . Primer sequences were evaluated using the Sigma DNA Calculator (http://www.sigmagenosys.com/calc/dnacalc.asp) and synthesized by Sigma-Aldrich.
RT-PCR for 5 § UTR and VP1. Viral RNA was extracted from 200 ml of virus-infected cell culture supernatant by use of a High Pure viral RNA kit (Roche Applied Science) according to the manufacturer's procedures and eluted with 50 ml of elution buffer. Reverse transcription was performed as described previously (Zhou et al., 2009) . HEV-specific 59 UTR PCR (using primers 5UTR-S and 5UTR-A1) for all 208 HEV local isolates and partial VP1 PCR (using primers 292 and 222) for 87 isolates were performed as described previously (Zhou et al., 2011) . The methods of complete VP1 PCR for 121 isolates were as described previously (Zhou et al., 2009 ).
Sequencing and analysis for 5 § UTR and VP1. Sequencing methods were described previously (Zhou et al., 2009) . For 59 UTR sequencing of all 208 local isolates, primers 5UTR-S and 5UTR-A2 were used; for sequencing partial VP1 of 87 isolates, primers 292 and 222 were employed (Zhou et al., 2011) . The complete VP1 gene for each of 121 isolates was sequenced in two fragments using primers 490 to 493 (with modified primer 492), followed by assembly of the sequences of the two fragments. The previously tested serotype for each of 130 serotyped isolates or the genotype for each of 78 nonserotypable isolates was confirmed by pairwise comparison of the complete or partial VP1 sequence with a database containing VP1 sequences for the prototype and variant strains of all known HEV serotypes (Oberste et al., 2004b) .
Comparison with GenBank database sequences. For molecular analysis, the 59 UTR and VP1 regions of the 208 local isolates were compared with the 59 UTR and VP1 regions of 98 strains (Table S1 ) available in GenBank representing the same 28 types. The length for each of the 98 GenBank sequences was at least 3200 nt, including both 59 UTR and VP1 regions. Sequences were trimmed and downloaded separately into two databases for 59 UTR and VP1 using Biomanager. Most of the 98 GenBank sequences represent strains isolated from disease outbreaks from different locations over time or from patients with specific disease (such as myocarditis), and a small number were laboratory-modified strains (Tam et al., 2003; Chapman et al., 1994) . Where available, further information (including isolation dates and countries of origin) that could not be found directly from GenBank was obtained from the associated references.
Data analysis for 5 § UTR and VP1. Two groups (coxsackieviruses and echoviruses) were analysed separately. Alignment of all partial 59 UTR and partial VP1 nucleotide sequences was undertaken intraserotypically and inter-serotypically for coxsackieviruses or echoviruses from EV-B using the CLUSTAL W (accurate) program of Biomanager. Phylogenetic trees of partial 59 UTR and partial VP1 regions for coxsackieviruses or echoviruses were reconstructed by neighbour joining using the nucleotide/Kimura two-parameter method with MEGA, version 5.0 (Kumar et al., 2008) (Figs 1 and 2 ). Bootstrap analysis with 1000 pseudoreplicates provides an estimate of reliability for phylogenetic reconstructions. The bootstrap values in 1000 pseudoreplicates within trees are shown as percentages. Sequence similarity was also examined by the UPGMA method using BioNumerics (version 4.61; Applied Maths) (Figs S1 and S2).
Nucleotide sequence accession numbers. The GenBank accession numbers for the 59 UTR sequences of the local isolates are GU236114 to GU236303; and for the VP1 sequences are FJ868282 to FJ868309, FJ868313, FJ868315 to FJ868320, FJ868322 to FJ868335, FJ868337 to FJ868370, GU142874 to GU142907, and GU232776 to GU232857 (Table S1) .
RESULTS

Sequencing results for 5 § UTR and VP1
The length of the 59 UTR sequences for the 208 local isolates ranged between 492 and 500 nt, covering the relatively CVB3 AF231764 (P strain) CVB3 AF231763 (31-1-93 strain) CVB3 AF231765 (PD strain) CVB3 M88483 (Nancy strain) CVB3 AY752944 (28 strain) CVB3 AY752946 (20 strain) CVB3 M33854 (recombinant cDNA) CVB3 M16572 (Nancy strain)- USA-1949 CVB3 AY752945 conserved major part of the IRES. The relatively long 59 UTR sequences amplified by one consensus primer pair (5UTR-S and 5UTR-A1) provided a more accurate and systematic interpretation for 59 UTR (Zhou et al., 2011) .
The deduced amino acid sequence from the partial or complete VP1 nucleotide sequence included the B-C loop, a region needed for type-specific antibody reactivity (Norder et al., 2003) . The VP1 genotypes of all 130 serotyped isolates corresponded with their respective serotypes; for the 78 nonserotypable isolates, genotypes were determined by VP1 sequencing. All 28 types analysed in this study are listed in Table S1 .
Background of 208 local EV-B isolates
Ages of the patients and specimen types of the 208 local EV-B isolates are presented in Table S1 . Children were more likely to be infected than adults. These EV-B isolates were usually cultured from stool, cerebrospinal fluid, nasopharyngeal aspirates, or throat or mouth swabs.
Data analysis for CVA9 and CVB1 to 5
The phylogenetic relationships among 74 strains belonging to CVA9, CVB1, -2, -3, -4 or -5 (38 local isolates and 36 GenBank strains) were inferred by the neighbour-joining method using the nucleotide/Kimura two-parameter method with MEGA, based on alignment of the partial VP1 and partial 59 UTR nucleotide sequences (Table S1 , Fig. 1 ).
In the VP1 dendrogram (Fig. 1b) , all strains were clustered monophyletically with respect to their homotypic prototype strains (labelled 'a'), generating six distinct groups: CVA9 and CVB1 to 5. VP1 phylogenetic analysis also demonstrated dissimilar subgrouping within a given serotype. For instance, CVB1 was classified into four distinct subgroups (CVB1-a to -d). CVB1-a was composed of four clones of the Tucson strain (Tam et al., 2003) , whilst CVB1-b consisted of the prototype Conn-5 strain (labelled 'a') and a wild-type strain from the USA. CVB1-c and -d contained two local isolates from 1991 and three local strains isolated in 2005 or 2006, respectively. The nucleotide divergence between CVB1-c and -d ranged from 19.4 to 20.3 %. In contrast, all CVB5 strains (including five local strains and two strains from Germany and the UK) other than the prototype Faulkner strain (labelled 'a') formed a relatively compact cluster with nucleotide divergence ranging from 0.3 to 10.1 %.
For most serotypes (such as CVB1 to 5) in the VP1 tree, the local strains were more closely related to one another than to their homologous prototype strains. CVA9 and CVB1 to 5 demonstrated diverse nucleotide (amino acid) divergence within each serotype, ranging from 0.7 to 24.2 % (0.3 to 13.7 %), 0.3 to 20.3 % (0.2 to 12.5 %), 0.3 to 20.0 % (0.3 to 12.1 %), 0.3 to 24.0 % (0.2 to 13.4 %), 0.3 to 20.8 % (0.2 to 13.0 %), and 0.3 to 24.3 % (0.3 to 14.1 %), respectively.
The correlation between phylogenetic grouping and serotype observed in the VP1 tree was less apparent in the 59 UTR tree (Fig. 1a) . Only CVB5 in the 59 UTR dendrogram showed a similar pattern to the VP1 tree, although the prototype CVB5 Faulkner strain was separated from the major CVB5 group in the 59 UTR. The four CVB1 subgroups (CVB1-a to -d) in the VP1 tree were segregated into four locations in the 59 UTR tree. The nucleotide divergence between CVB1-c and -d in 59 UTR was 8.9 to 9.4 %. All six prototype strains (labelled 'a') were also separated from their homotypic modern strains in the 59 UTR tree. In addition, the similarity dendrograms generated using the UPGMA method with BioNumerics (Fig. S1 ) demonstrated similar results in both 59 UTR and VP1 regions to the trees reconstructed by the nucleotide/ Kimura two-parameter method with MEGA.
Data analysis for 22 echovirus serotypes
The phylogenetic relationships among 232 strains (170 local isolates and 62 GenBank strains) belonging to 22 echovirus serotypes (E1 to 7, 9, 11, 13 to 21, 24, 25, 30 and 33) were inferred by the neighbour-joining method using the nucleotide/Kimura two-parameter method with MEGA, based on alignment of the partial VP1 and partial 59 UTR nucleotide sequences (Table S1 , Fig. 2 ). Of the 22 echovirus serotypes, nine (E3, 6, 7, 9, 11, 14, 17, 18 and 30) were isolated commonly in the laboratory (Zhou et al., 2009). For E1, 5, 13 to 18, 20, 21, 24 and 33 serotypes, only nucleotide sequences (containing both 59 UTR and VP1 regions) of the prototype strains were available in GenBank.
The VP1 dendrogram (Fig. 2b) showed that strains of a homologous serotype were clustered together. Of the 22 serotypes, seven (E2, 3, 5, 9, 17, 18 and 30) demonstrated relatively low nucleotide (amino acid) divergence, ranging from 18.8 to 19.1 % (9.7 to 10.7 %), 17.0 to 19.1 % (8.7 to 10.5 %), 12.3 to 17.7 % (6.1 to 9.8 %), 15.5 to 19.9 % (7.3 to 10.9 %), 18.4 to 19.5 % (9.1 to 10.5 %), 15.2 to 18.1 % (7.8 to 9.5 %), and 16.6 to 18.8 % (8.0 to 10.1 %), (including 38 local isolates with laboratory identifiers provided in parentheses) based on alignment of partial 59 UTR (494 to 500 nt) (a) and partial VP1 (322 to 325 nt) (b) sequences. Trees were reconstructed by neighbour joining using the nucleotide/ Kimura two-parameter method with MEGA, version 5.0 (Kumar et al., 2008) . Bootstrap values (percentage of 1000 pseudoreplicate datasets) supporting each cluster are shown at the nodes. Bars represent the genetic distance. The corresponding VP1 groups or subgroups are indicated. A strain name indicates a GenBank accession number/country or area/ year of isolation. AUS, Australia; CAN, Canada; CHN, the Chinese mainland; GER, Germany; ITA, Italy; KOR, Korea; SWE, Sweden; UK, the UK. '?' indicates that the year of isolation was unknown. All 6 prototype strains are labelled 'a'. 
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respectively; the other 15 serotypes displayed relatively high nucleotide (amino acid) divergence [the highest divergence was 24.3 to 24.9 % (13.5 to 14.7 %) in E1].
The divergence of the partial VP1 nucleotide sequence of each local strain from each prototype strain (labelled 'a') ranged from 12.3 to 24.9 %. In most instances, within a given serotype, the local strains were more closely related to one another than to their homologous prototype strains. VP1 analysis also showed evidence of subgrouping of the local strains within a given serotype, usually supported by high (.80 %) bootstrap values. For example, two distinct subgroups were observed among E18 local strains, and three subgroups were distinguished among the 17 local E6 isolates. By contrast, local E17 isolates (all isolated in the 1 year) fell into a single cluster with little nucleotide divergence (0 to 1.4 %).
Several echovirus serotypes, such as E11 and E30, are associated with outbreaks or epidemics of severe disease, including aseptic meningitis. Three distinct subgroups could be identified within the E11 group (a total of 21 strains, including 7 local strains) in the VP1 tree. One subgroup (E11-A) contained the prototype E11 Gregory strain (labelled 'a'), an Indian isolate that caused an epidemic of acute diarrhoea (Stuart et al., 2002) and a uveitis-causing strain from Siberia (Lukashev et al., 2004) . The second subgroup (E11-B) consisted of a unique local strain (39351.82) isolated in 1982, a strain isolated from a Slovakian diabetic child (AlHello et al., 2008) and two strains (AY167104 and AY167105) causing uveitis (Lukashev et al., 2004) , as well as seven strains (AY167103, and AJ577589 to AJ577594) isolated in Europe during an epidemic of multisystem haemorrhagic disease of infants (Lukashev et al., 2004; Chevaliez et al., 2004) . Thirty-nine E30 sequences were segregated into five subgroups in the VP1 dendrogram, namely, E30-a to E30-e. E30-a consisted of only the prototype E30 Bastianni strain (labelled 'a'). The E30-b subgroup comprised one local strain isolated in 2000, a Dutch strain highly destructive to human insulin-producing b-cells (Paananen et al., 2007) and two isolates from a French child with severe combined immune deficiency syndrome (Bailly et al., 2000) . Two Chinese isolates, including one (AY948442) causing aseptic meningitis (Zhao et al., 2006) , constituted E30-c. Subgroup E30-d was further divided into E30-d1 (12 local strains isolated in 2006 or 2007, with less than 1.4 % nucleotide divergence) and -d2 (two Taiwanese isolates from an outbreak in 2001) (Chen et al., 2007) . Another large subgroup, E30-e, was divided into two subclusters, E30-e1 [a local strain isolated in 1998, one German strain and two Italian strains from an outbreak of aseptic meningitis (Faustini et al., 2006) ] and E30-e2 (12 local strains isolated in 2005 or 2006, differing from each other by less than 2.9 %).
In the echovirus 59 UTR tree (Fig. 2a) , the vast majority of serotype groups were separated, generating a complicated topology compared to the VP1 dendrogram. The exceptions were some serotypes (E3, 17, 18 and 24) that generally formed respective compact groups, although segregated from their homotypic prototype strains. For E11, the representatives of two subgroups (E11-B and -C) in the 59 UTR tree corresponded with those in the VP1 tree, whilst three members of E11-A in the VP1 tree were separated into three distinct positions in the 59 UTR tree. In general, the subgrouping of E30 in the 59 UTR tree was concordant with that in the VP1 tree, although the 59 UTR subgroups were dispersed differently. However, two E30-b strains (DQ534205) and a local strain (00.021.2016) in the VP1 tree were distributed into two locations in the 59 UTR tree, and one E5 local strain (21878.84) was included in E30-e1 in the 59 UTR tree. Interestingly, one E18 local strain (05.165.3625) was clustered with E30-e2 in the 59 UTR tree, and shared 100 % (497/497) nucleotide identity to one E30 local strain (05.206.2974). Furthermore, 15 prototype strains (labelled 'a') were assembled together in the lower part of the 59 UTR phylogenetic tree. In addition, the similarity dendrograms generated using the UPGMA method with BioNumerics (Fig.  S2 ) demonstrated similar results in both 59 UTR and VP1 regions to the trees reconstructed by the nucleotide/Kimura two-parameter method with MEGA.
DISCUSSION Molecular diversity in CVA9 and CVB1-5
CVA9 is among the commonest causes of aseptic meningitis (Harvala et al., 2003) . Infections with CVBs are associated Fig. 2 . Phylogenetic trees showing the genetic relationships among 232 strains belonging to 22 echovirus serotypes (E1 to 7, 9, 11, 13 to 21, 24, 25, 30 and 33) (including 170 local isolates with laboratory identifiers provided in parentheses) based on alignment of partial 59 UTR (492 to 498 nt) (a) and partial VP1 (322 to 325 nt) (b) sequences. Trees were reconstructed by neighbour joining using the nucleotide/Kimura two-parameter method with MEGA, version 5.0 (Kumar et al., 2008) . Bootstrap values (percentage of 1000 pseudoreplicate datasets) supporting each cluster are shown at the nodes. Bars represent the genetic distance. The corresponding VP1 groups or subgroups are indicated. A strain name indicates a GenBank accession number/country or area/year of isolation. AUS, Australia; CHN, the Chinese mainland; EGY, Egypt; FIN, Finland; FRA, France; GER, Germany; HUN, Hungary; IND, India; ITA, Italy; MAL, Malaysia; MC, Mexico City, Mexico; MEX, Mexico; NET, The Netherlands; PHI, Philippines; RI, Rhode Island, USA; ROM, Romania; SIB, Siberia; SLO, Slovakia; TW, Taiwan. '?' indicates that the year of isolation was unknown. All 22 prototype strains are labelled 'a'.
with pleurodynia, aseptic meningitis, meningoencephalitis, myocarditis, upper respiratory illness, pneumonia, hepatitis, severe systemic infection in infants (Pallansch & Roos, 2007; Lim et al., 2013) , pancreatitis and possibly type 1 diabetes (Lee et al., 2005; Sane et al., 2013) .
The broad spectrum of CVB-associated disease reflects the existence of multiple strains within a single serotype with various degrees of virulence (Yin et al., 2002) . Individual nucleotide substitutions in the non-coding and coding regions of the viral genome determine virulence (Chapman et al., 1994) . Major pathogenic determinants of coxsackievirus infections have been localized to the 59 UTR and the capsid protein encoding region (Harvala et al., 2002) . Therefore, comparison of coxsackievirus sequences is valuable not only for determining serotypes, but also for investigating virulence variations.
The CVA9 (D00627, the prototype Griggs strain, labelled 'a' in Fig. 1b) capsid protein VP1 has an apparent insertion of approximately 15 aa at its C-terminus (Chang et al., 1989) . This insertion contains an arginine-glycine-aspartic acid (RGD) tripeptide, through which CVA9 binds to cell surface integrins aVb3 and aVb6 (the primary receptor) in vitro (Roivainen et al., 1994; Williams et al., 2004) .
Although the major neurotropism determinant in the CVB3 genome was in the capsid region, viruses containing the CVA9 capsid were also able to initiate infection in the central nervous system provided they contained the CVB3 59 UTR (Harvala et al., 2002) . The presence of the 59 UTR of CVA9 clearly enhanced muscle tissue tropism. The viability of chimeric viruses constructed between CVA9 and CVB3 suggested that recombination could take place in nature, partly explaining the genetic diversity and pathogenetic variation among human coxsackieviruses (Harvala et al., 2002) .
Several CVB outbreaks or epidemics have been recorded. CVB1 infection accounted for 23 % of reported cases with severe neonatal morbidity and multiple deaths between 2007 and 2008 in the USA (Wikswo et al., 2009) . CVB5 has caused widespread epidemics in the USA, particularly in 1967 , 1972 and 1983 (Kopecka et al., 1995 . The sequence analyses were based on the VP1 region and/or 59 UTR (Wikswo et al., 2009; Kopecka et al., 1995; Rezig et al., 2004) . In this study, four CVB1 subgroups (CVB1-a to -d) in the VP1 tree (Fig.  1b) were segregated into four locations in the 59 UTR tree (Fig. 1a) . Five local strains were divided into two separate subgroups (CVB1-c and -d) during two distinct isolation periods (1991 and 2005/2006) , suggesting genetic drift in both 59 UTR and VP1 regions during a 15 year period. All CVB5 strains (except for the prototype Faulkner strain) formed a relatively tight cluster in the VP1 tree; in the 59 UTR tree, the CVB5 exhibited a similar topology, but the prototype Faulkner strain was separated from the major CVB5 group. The latter phenomenon in the 59 UTR (which was also observed with another five prototype strains, labelled 'a', that were segregated from their homotypic modern strains) demonstrated significant genetic drift in 59 UTR, including possible recombination. These findings are in agreement with another study which demonstrated that recombination had occurred between the 59 UTR and capsid, the capsid and 3D, or both in some CVB cases (Oberste et al., 2004d) . Recombination could potentially lead to new strains that might cause outbreaks.
Molecular diversity in 22 echovirus serotypes
Echoviruses constitute one of the major EV-B groups and are associated with aseptic meningitis, paralysis, encephalitis, exanthema, diarrhoea, respiratory disease myocarditis, and hand, foot and mouth disease (Pallansch & Roos, 2007; Zhang et al., 2013) . The deduced amino acid sequence from the partial VP1 nucleotide sequence includes the B-C loop, a region that has been shown to be highly variable among different echovirus serotype groups but strongly conserved among isolates of the same echovirus serotype. This indicates that this part of VP1 is appropriate for molecular typing of echoviruses (Kottaridi et al., 2006) .
Although in the VP1 dendrogram (Fig. 2b ) all echovirus strains were grouped with their respective prototype strains, this was different in the 59 UTR (Fig. 2a) . For the largest two serotype groups, E11 and E30, the 59 UTR subgrouping was mainly concordant with VP1, although 59 UTR subgroups were separated at different locations. The radically incongruent tree topologies between the VP1 region and 59 UTR suggest that recombination might have played a significant role in the evolution of these echoviruses. It is of note that one local E18 strain (05.165.3625) was clustered with E30-e2 in the 59 UTR tree (Fig. 2a) , and had 100 % (497/497) nucleotide identity to a local E30 strain (05.206.2974), demonstrating the evidence of possible recombination. Furthermore, 15 prototype strains were relatively clustered in the 59 UTR, which also suggests the possibility of recombination in this area.
E11 causes a full spectrum of enteroviral diseases, including meningitis (Chevaliez et al., 2004) , but it has been particularly associated with cases of severe neonatal disease (Cramblett et al., 1973; Oberste et al., 2003) . Few studies have analysed the genetic diversity among E11 VP1 sequences (Oberste et al., 2003; Chevaliez et al., 2004) . In this study, the analysis of E11 partial VP1 sequences (Fig.  2b ) divided 21 strains into A, B and C subgroups. The E11-B cluster has been shown to represent a phylogenetically distinct subgroup (with altered virulence) within the E11 serotype (Lukashev et al., 2003b) .
Since its characterization in 1958, E30 has been increasingly associated with meningitis outbreaks worldwide. Several studies have shown different clustering of E30 variants based on VP1 sequences (Oberste et al., 1999a; Lukashev et al., 2008; Palacios et al., 2002) . Based on partial VP1 sequences (Fig. 2b) , 39 strains were classified into E30-a, -b, -c, -d (including -d1 and -d2) and -e (including -e1 and -e2). Leitch et al., 2009; Bailly et al., 2000) . Importantly, E30 can recombine with any EV-B strain in the non-structural region . For example, recombination analysis of two Taiwanese E30 strains (EF066391 and EF066392, belonging to E30-d2 in Fig. 2 ) revealed mosaic genome structures (Chen et al., 2007) . In the 59 UTR (Fig. 2a) , these two strains were both reported as more similar to an E7 strain (Chen et al., 2007) , but in this study were more closely related to a local E33 strain (88.V.119835), with 90.6 and 91.0 % nucleotide identity, respectively.
Molecular diversity in EV-B
Most RNA virus genomes have much higher evolution rates than DNA virus genomes (Domingo & Holland, 1997) . EVs are well known for high genomic plasticity due to both high mutation and recombination rates. The observations from EV-B in this study shed some light on the characteristics of enteroviral ecosystems and their molecular diversity.
Molecular typing approaches allow the rapid and accurate identification of EV-B viruses. Phylogenetic analysis of sequences is the best method to discriminate between variants within a serotype, to confirm the common source of isolates during an outbreak and to study the evolution of a given serotype or evolution among different serotypes. The genetic comparison of different HEV genes (such as 59 UTR and VP1) provides strong evidence of epidemiological linkage of HEV strains in some serotypes (such as CVB1 in Fig. 1 , and E11 and E30 in Fig. 2 ). The combination of molecular typing and phylogenetic sequence analysis benefits individual patient diagnosis and public-health measures.
The intraserotypic genetic variation of the 59 UTR and VP1 regions in EV-B enteroviruses reveals that distinct genome regions evolve differently, reflecting their different roles. Structural integrity of the 59 UTR is fundamentally important for efficient viral replication and for virulence (Bailey & Tapprich, 2007) , while the VP1 capsid protein contains most neutralization epitopes, and VP1 sequences correlate well with antigenic typing by neutralization. A partial or complete VP1 nucleotide sequence identity of ¢75 % (.85 % amino acid sequence identity) between a clinical EV isolate and a prototype serotype strain may be used to confirm the serotype of the clinical isolate, with the proviso that the second highest score is ,70 % (Oberste et al., 2004b) .
Mutation and recombination are important in EV evolution and diversity. Base misincorporation during chain elongation and lack of 39 to 59 exonuclease proofreading ability in RNA polymerases can cause very high error rates; there is a spontaneous mutation rate of approximately one mutation per genome per replication (Drake & Holland, 1999) . The molecular diversity and evolution of HEVs occur through genetic drift and, over much longer periods, antigenic diversification in the structural gene region encoding the virus capsid (including VP1) (Brown et al., 1999; Martin et al., 2000) . Studies have shown that 59 UTR mutations markedly decrease multiplication efficiency (Willian et al., 2000) , alter cell tropism (Shiroki et al., 1997) and attenuate virulence (Tu et al., 1995; De Jesus et al., 2005) . Predicted structural changes caused by mutations in the 59 UTR and VP1 capsid have provided further insight into how EVs evolve to cause a diverse spectrum of diseases (Tracy et al., 2006) . In this study, the relatively high sequence diversity among the 59 UTR and VP1 regions of EV-B serotypes suggests that nucleotide substitution is probably the dominant evolutionary mechanism in these regions of the genome.
Moreover, the evolutionary diversity of EV-B is also due to intraserotypic or interserotypic recombination between the structural and non-structural coding regions (such as 3D polymerase and 2A) and the 59 UTR (Chevaliez et al., 2004; Lukashev et al., 2003a; Simmonds & Welch, 2006) . In general, only the capsid region (especially VP2-VP3-VP1) is inherited as a single unit, suggesting that the capsid is the primary determinant of EV identity (Oberste et al., 2004a; Lukashev et al., 2005) . In the current study, 59 UTR phylogenetic trees from EV-B showed apparent nonconvergence among respective different sequences within many serotypes, compared with VP1 trees (Figs 1 and 2) , indicating that interserotypic recombination may play a major role in the evolution of some of these viruses. Due to the need for gene regulation, restricted genetic variation has been noted in the non-coding region, and in some cases recombination does occur in the 59 UTR. When there is no recombination, classification of the HEV genogroup based on 59 UTR will give an incorrect HEV genogrouping.
Analyses of EV prototype strains and clinical isolates suggest that interserotypic recombination is a frequent event and that it generally occurs among viruses of the same species. The exception is in the 59 UTR, where only a single genetic group can be identified within EV-A and -B and a second within EV-C and -D (Santti et al., 1999; Lukashev et al., 2003a; Oberste et al., 2004a, c) . This reflects a different pressure for evolutionary change exerted on the 59 UTR and the rest of the genome, largely shaped by the functional significance of the specific genomic region and its interaction with the stable cellular environment (Poyry et al., 1996; Siafakas et al., 2005) . Likewise, recombination may also delink a given capsid sequence (serotype) from its original 59 UTR, explaining why the 59 UTR is generally unsuitable as a molecular alternative to serotype identification (Oberste et al., 2004a) . In fact, the EV genome could be recognized as a stable symbiosis of genes, and EV species consist of a finite set of capsid genes responsible for different serotypes and a continuum of non-structural protein genes that seem to evolve in a relatively independent manner (Lukashev et al., 2003a) .
Understanding the tempo and pattern of molecular diversity and evolution is of great importance in the pathogenesis of EV-B enteroviruses. Firstly, McWilliam Leitch et al. (2010) found marked differences in the patterns of sequence change between VP1 and 3D polymerase regions. Their analysis predicted rates of evolution in the VP1 region for E9 and E11 of 5.8610 23 and 4.8610 23 substitutions per site per year, respectively, similar to those observed previously for E30 (McWilliam Leitch et al., 2009 ) and other EV species (Brown et al., 1999; Takeda et al., 1994) . However, in the non-structural coding region, sequence change was shown by frequent recombination events, leading to the acquisition of novel 3D polymerase sequences interspersed with sequences of other EV-B isolates. This contrasted dramatically with the monophyletic groupings of serotypes in the VP1 structural genome region. Secondly, the study of Spanish E6 strains revealed high rates of sequence change of the VP1 region (around 1.16 10 22 substitutions per site per year) and there was a direct relationship between recombination frequency and VP1 sequence divergence for E6 (Cabrerizo et al., 2014) . Thirdly, strong negative selection shaped the evolution of VP1 and 3CD loci in CVB5 strains, but compelling phylogenetic data suggested that immune selection pressure resulted in the emergence of the two genogroups (A and B) with opposed evolutionary pathways (Henquell et al., 2013) . The genogroups A and B also differed in the temporal occurrence of the amino acid changes. As more complete sequence data become available, the molecular diversity in EV-B can be elucidated more thoroughly, and new evolutionary features of EV-B genotypes or subgenotypes will be revealed further.
In conclusion, EV-B enteroviruses evolve quickly, primarily due to high mutation and recombination rates. The 59 UTR is fundamentally important for efficient viral replication and for virulence; the VP1 region can be used for virus identification and evolutionary studies. The sequence analyses of the 59 UTR and VP1 regions of 306 EV-B strains demonstrated that: (i) comparing the two regions gives strong evidence of epidemiological linkage of strains in some serotypes; (ii) the intraserotypic genetic variation within each gene reveals that they evolve distinctly largely due to their different functions; and (iii) mutation and possible recombination of the two regions play significant roles in the molecular and evolutionary diversity of EV-B.
